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The gene encoding the C-terminal protease domain (27 kDa) of the nuclear inclusion protein a of turnip mosaic potyvirus
C5 was cloned and expressed as a fusion protein with glutathione S-transferase in Escherichia coli XL1-blue. Two forms
of the protease (27 and 25 kDa) were purified from the fusion protein by glutathione affinity chromatography and Mono S
chromatography and exhibited the specific proteolytic activity when a synthetic undecapeptide, Glu-Pro-Thr-Val-Tyr-His-
Gln-Thr-Leu-Asn-Glu, or an in vitro translation product of the polyprotein containing the cleavage site between the nuclear
inclusion protein b and the capsid protein, was used as a substrate. The purified proteases showed a Km of 1.15 { 0.16
mM and a Vmax of 0.74 { 0.091 mmol/mg/min with the synthetic peptide substrate. The 25-kDa protein was found to be
generated by the cleavage between Ser223 and Gly224 near the C-terminus of the 27-kDa protease and to retain the specific
proteolytic activity. The point mutation of Asp81 or Cys151, two putative active site residues in the 27-kDa protease, to Asn
or Ser, respectively, prevented the generation of the 25-kDa protein and diminished the proteolytic activity of the protease
drastically, suggesting that the 27-kDa protease cleaves itself between Ser223 and Gly224 to generate the 25-kDa protein.
q 1995 Academic Press, Inc.
INTRODUCTION in vitro transcription and translation systems, and the
27-kDa protein was found to have the catalytic activity
Turnip mosaic virus (TuMV) is a member of the Potyviri-
independent of VPg (Carrington and Dougherty, 1987;
dae, which belongs to the picornavirus superfamily of
Dougherty and Parks, 1991). The 49-kDa NIa or the 27-
positive-strand RNA viruses (Ward and Shukla, 1991).
kDa protease domain of TEV was expressed as a doubletThe potyviral genome is about 10 kb, polyadenylated at
(49 and 47 kDa or 27 and 25 kDa) during the in vitrothe 3*-end, and covalently linked to a viral-encoded pro-
translation performed in rabbit reticulocyte lysate (Dou-tein (VPg) at the 5*-end (Dougherty and Carrington, 1988).
gherty and Parks, 1991), suggesting that the NIa proteaseThe viral RNA is translated into a polyprotein which is
is not stable in rabbit reticulocyte lysate. The NIa prote-processed into at least nine mature proteins by three viral
ase was also observed to be unstable in Escherichiaproteases. The N-terminal protein (P1) and the helper
coli during its expression: when the TuMV 49-kDa NIacomponent-protease (HC-Pro) cleave only their respec-
protease was expressed in E. coli, only VPg was detectedtive C-termini autocatalytically (Carrington et al., 1989;
while the 27-kDa protease was not (Laliberte´ et al., 1992).Verchot et al., 1991). The nuclear inclusion protein a (NIa)
Recently, the NIa proteases of TuMV and TEV were ex-protease is responsible for the processing of the re-
pressed in E. coli and purified as a doublet (49 and 47maining regions of the polyprotein (Carrington and Dou-
kDa or 27 and 25 kDa) (Me´nard et al., 1995; Parks et al.,gherty, 1987).
1995). The doublet formation disappeared when the NIaThe potyviral NIa is a protein containing two functional
protease was inactivated by a point mutation, suggestingdomains: the 22-kDa N-terminal VPg domain and the 27-
that the doublet is generated by self-cleavage of the pro-kDa C-terminal protease domain (Dougherty and Parks,
tease. The truncated 25-kDa protease of the TEV NIa1991; Murphy et al., 1990). The C-terminal protease do-
protease was found to be generated by the deletion ofmain has a sequence which is similar to that of the
the C-terminal 24 amino acids and was less efficient intrypsin-like serine protease family (Bazan and Fletterick,
catalytic activity than the full-length form (Parks et al.,1988; Gorbalenya et al., 1989). In tobacco etch virus
1995).(TEV), which is another member of potyvirus group, the
In this study, we isolated and expressed the geneactivity of the NIa protease has been detected by use of
encoding the NIa C-terminal 27-kDa protease of TuMV-
C5. We found that the protease was cleaved by itself at
Sequence data from this article have been deposited with the Gen- the C-terminus to produce a 25-kDa protein. We alsoBank Data Libraries under Accession No. U18654.
identified the sequence of the self-cleavage site which1 To whom correspondence and reprint requests should be ad-
dressed. is not homologous to the sequences of the seven known
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cleavage sites in the TuMV polyprotein and observed pBluescript SK(0) and pGEX-KG (Guan and Dixon, 1991)
to construct pSKPOPR and pGPOPR, respectively. Thethere is another self-cleavage site in addition to this
cleavage site. To investigate the catalytic mechanism nucleotide sequences of both strands of the cloned pro-
tease gene in the pSKPOPR were determined by theand the enzymatic properties of the NIa protease, we
purified the NIa 27-kDa protease expressed in E. coli dideoxynucleotide chain termination method using the
Sequenase kit (United States Biochemical).and measured its kinetic constants by use of an in vitro
assay system with a synthetic undecapeptide as a sub- Preparation of the genes corresponding to the C-termi-
strate. nal half of the NIb and the whole capsid protein. Two
clones, pVT4 and pVT5, were obtained from the cDNA
library; pVT4 contains the nucleotides from 8144 to theMATERIALS AND METHODS
3*-end of TuMV-C5 genome in pBluescript SK(0) and
cDNA synthesis pVT5 contains the nucleotides from 6950 to 8504 in
pUC19. The positions of nucleotides were determinedTuMV-C5 strain was obtained from Dr. S. K. Green
on the basis of the sequences of TuMV Canadian type(Green and Deng, 1985). RNA was extracted from virus
genome (Nicolas and Laliberte, 1992). pVT4 was di-particles as described previously (Maiss et al., 1988).
gested with HindIII and the insert DNA fragment fromcDNA was synthesized from 1 mg of TuMV RNA with a
8428 to the 3*-end was isolated by electroelution. pVT5cDNA synthesis kit (Pharmacia) using either oligo(dT) or
was digested with HindIII and the DNA containing bothan oligonucleotide (TUO1: 5*-AT TGC CTC TAG TCG
the vector and the insert DNA fragment from 6950 toATG-3* ) as a primer. The TUO1 primer was designed on
8427 was isolated by electroelution. Both isolated DNAthe basis of the nucleotide sequence of a cDNA obtained
fragments were ligated to construct pVT45, a plasmidusing oligo(dT) as a primer and corresponds to the nucle-
containing the nucleotides from 6950 to 3*-end in pUC19.otide sequence of TuMV Canadian type genome from
This pVT45 was digested with SacI and PstI to obtain8488 to 8504 (Nicolas and Laliberte´, 1992). The cDNA
the DNA fragment of about 2 kbp containing the 3*-halfsynthesized using the TUO1 primer was ligated with the
of the gene encoding the nuclear inclusion protein bEcoRI/NotI adaptor (Pharmacia). The adaptor-linked
(NIb) and the whole gene of the capsid protein (CP). ThecDNA was ligated into pUC19 which had been digested
DNA fragment was inserted into pTM1 containing the T7with EcoRI and dephosphorylated with alkaline phospha-
promoter and the 5*-nontranslated region of encephalo-tase. The ligated cDNA was then introduced into E. coli
myocarditis virus to generate pTNC (Moss et al., 1990).DH5a by electroporation using the Gene-Pulse electro-
porator (Bio-Rad). The cDNA synthesized using oligo(dT)
as a primer was subjected to partial deletions of approxi- Expression and purification of the NIa 27-kDa
mately 200 nucleotides from 5* and 3* ends of the cDNA. protease
The cDNA was then ligated into pBluescript SK(0) which
had been digested with SmaI and dephosphorylated with The 27-kDa protease gene in pGPOPR was expressed
alkaline phosphatase. The recombinant plasmid cDNAs in E. coli XL1-blue while induced with 0.3 mM isopropyl-
were introduced into E. coli DH5a by electroporation.
b-thiogalactopyranoside for 3 hr at 277. Cell paste from
1 liter of the culture was suspended in 50 ml of an ice-
Cloning, DNA construction, and nucleotide cold lysis buffer (25 mM HEPES-KOH, pH 7.9, 100 mM
sequencing KCl, 10% glycerol, 2 mM EDTA, and 2 mM DTT) containing
200 mg/ml lysozyme and incubated for 30 min at 47. AfterCloning of the gene encoding the NIa 27-kDa protease.
sonication, the crude cell lysate was centrifuged for 30A polymerase chain reaction was carried out using the
min at 17,300 g (47) twice. The clear cell lysate wascDNA as a template and two oligonucleotides (5*-CCC
incubated with 2-ml slurry of Glutathione Sepharose 4BAGG ATC CAT GGC GAG TAA CTC CAT GTT CAG AGG-
resin (Pharmacia) for 30 min at 47. The resin was washed3* and 5*-TGC ACT GCA GGT ACC TCA TTG TGC GTA
with 101 volume of a thrombin digestion buffer (50 mMGAC TGC CGT GC-3* ) specifying the N-terminus and
Tris–HCl, pH 8.3, 100 mM NaCl, and 2.5 mM CaCl2)C-terminus of the NIa 27-kDa protease as primers; the
and then incubated with 20 mg of thrombin. The proteinsunderlined nucleotides correspond to the sequences of
released from the resin were collected and concentratedthe 5*-end and 3*-end region of the protease gene, re-
by use of both Centriprep 10 and Centricon 10 (Amicon)spectively. The N-terminal primer contains the restriction
with 10-kDa molecular weight cut-off. The concentratedsites for BamHI and NcoI, and the C-terminal primer con-
sample was diluted fourfold with a Mono S equilibrationtains KpnI and PstI sites. The amplified DNA was di-
buffer (50 mM HEPES, pH 7.6, 10% glycerol, 1 mM EDTA,gested with BamHI and PstI, and subcloned into pMAL-
and 1 mM DTT), applied onto a Mono S HR 5/5 columncRI (New England Biolabs) to construct pMPOPR. The
(Pharmacia), and then eluted at 1 ml/min with a NaClpMPOPR was digested with BamHI and HindIII to isolate
the inserted DNA fragment, which was subcloned into gradient (from 0 to 0.4 M ) for 30 min.
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Determination of the proteolytic activity of TuMV NIa difluoride) membrane (Bio-Rad). Bands were identified
by staining with 0.1% Coomassie brilliant blue R-250 dis-protease
solved in 50% methanol and 1% acetic acid. Each band
TuMV NIa protease activities in crude cell extracts
was cut out and subjected to N-terminal amino acid se-
or in purified preparations were detected by use of a
quencing reaction. The sequencing reactions were car-
polyprotein containing a cleavage site of the NIa prote-
ried out for 12 cycles on an automatic protein sequencer
ase as a substrate. pTNC containing the 3*-half of the
(Applied Biosystems Model 471A).
NIb gene and the whole CP gene was linearized by di-
For the identification of self-cleavage site, the ketoste-
gesting with Sal I and used for in vitro transcription with
roid isomerase (KSI) gene from Pseudomonas putida bio-
T7 RNA polymerase (New England Biolabs). In vitro trans-
type B was fused to the 3*-end of NIa protease gene in
lations of the RNA transcripts were performed in rabbit
pGPOPR. The KSI gene in pKK223-3 (Kim et al., 1994)
reticulocyte lysates while labeling the synthesized pro-
was digested with EcoRI and HindIII, and inserted into
teins with [35S]methionine as recommended by a supplier
pRSETb (Invitrogen) to generate pRSET-KSI. This recom-
(Promega). The in vitro translation product was used as
binant construct was digested with PvuII and HindIII, and
a substrate for the reaction with the NIa protease in an
then inserted into pGPOPR which had been digested
assay buffer (20 mM HEPES, pH 7.4, 10 mM MgCl2 , 0.5 with AccI, treated with Klenow fragment for filling-in, and
mM DTT, and 10 mM KCl). The substrate and the prod-
digested with HindIII to generate pGPOPR-KSI. The KSI
ucts of the reaction were analyzed on 10% SDS–PAGE.
fusion protease was expressed and purified in the same
The gel was dried and exposed to X-ray film (Agfa).
way as the wild-type protease. The purified fusion protein
For the quantitative assay of the catalytic activity of
was incubated at 307 for 48 hr to generate the self-cleav-
the NIa protease, a synthetic undecapeptide, Glu-Pro-
age products, 25-, 17-, and 24-kDa proteins. After sepa-
Thr-Val-Tyr-His-Gln-Thr-Leu-Asn-Glu, containing the
rated on SDS–PAGE, these proteins were transferred
cleavage site between the 6K1 protein and the cylindrical to a PVDF membrane and subjected to N-terminal se-
inclusion protein (CI) was used as a substrate. The reac-
quencing.
tion mixture for a typical assay contained 0.58 mM of the
peptide substrate and the crude cell extract or 1.5 mg of
Site-directed mutagenesisthe purified protease in 24 ml of the assay buffer (20 mM
HEPES, pH 7.4, 10 mM MgCl2 , 0.5 mM DTT, and 10 mM Single amino acid replacements of Asp81, Cys151,
KCl). Following an incubation at 257, the reaction was
Gln221, and Gly224 with Asn, Ser, Ile, and Arg, respectively,
stopped by adding 300 ml of 10% CH3COOH to the reac- were carried out by site-directed mutagenesis using ura-
tion mixture when the product formation did not exceed
cil-containing, single-stranded DNA as a template (Kun-
15%. One hundred fifty microliters of the resulting mixture
kel, 1985). E. coli RZ1032 (ung0dut0) was transformed
was analyzed by HPLC (Hewlett-Packard HP1090) on a
with pSKPOPR, and the single-stranded DNA comple-
Vydac C18 column (4.6 mm ID 1 25 cm) with an acetoni- mentary to the coding strand of the protease gene was
trile gradient (from 8 to 18%/10 min) containing 0.05%
prepared from the transformant. The oligonucleotides (5*-
trifluoroacetic acid (w/v) and a flow rate of 1 ml/min.
CG ATT CCA GAC AGA AAT CTC CTG CTA ATC-3* for
Peaks from the products and the substrate were moni-
Asp81 to Asn, 5*-G AAA GAC GGC CAA TCC GGA AGT
tored by measuring absorbances at 230 nm and the
CCA ATG G-3* for Cys151 to Ser, 5*-G AAT ATA CAA GCA
areas of the peaks were integrated to calculate the per-
TCG ATA CCG TCG GGT TTG TTC-3* for Gln221 to Ile,
centage of the cleavage.
and 5*-A CAA GCA TCG CAA CCC TCG AGA TTG TTC
AAA GTA AGC-3* for Gly224 to Arg) specifying the under-Determination of kinetic constants of TuMV NIa
lined base changes were synthesized and used as prim-protease
ers for each mutagenesis. The mutants of Asp81 to Asn
With the purified protease, the Km and Vmax values for (D81N) were selected by digestions with Bgl II since the
the synthetic undecapeptide substrate were determined mutation eliminates the Bgl II restriction site. The mutants
by analyzing a Lineweaver-Burk plot based on the activi- of Cys151 to Ser (C151S) were selected by digestions
ties measured in the range of the substrate concentration with BspMII since the mutation generates the BspMII
from 0.029 to 1.75 mM with the assay condition described restriction site. The mutations of Gln221 to Ile (Q221I) and
above. For each concentration of the substrate, the final Gly224 to Arg (G224R) were identified by digestions with
concentration of the purified protease was 62.5 mg/liter ClaI and XhoI, respectively, which were newly introduced
in the reaction mixture. The protease concentration was by the mutations. The entire mutant protease genes in
determined by use of a Bradford assay kit (Pierce). pBluescript SK(0) were sequenced by the dideoxy-
nucleotide chain termination method. For the expression
Protein sequencing of the mutant proteases, the mutant protease genes in
pBluescript SK(0) were isolated after the digestion withProteins were separated by electrophoresis in poly-
acrylamide gel and blotted onto a PVDF (polyvinylidene BamHI and HindIII, and inserted into pGEX-KG. For the
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224 are occupied by the amino acids with small and
uncharged side chains such as Gly, Val, or Ser. The three
amino acids, His46, Asp81, and Cys151, which have been
shown to be the catalytic triad in the putative active site
of other potyviral proteases, were also found in the corre-
sponding sites of the TuMV-C5 NIa protease (Dougherty
et al., 1990).
Expression and purification of the NIa C-terminal
27-kDa protease
Two bacterial expression vectors, pMAL-cRI and
pGEX-KG, were utilized for the expression of the 27-kDa
protease gene in E. coli. pMPOPR which contains the
NIa 27-kDa protease gene in pMAL-cRI produced the
protease as a fusion protein with a maltose binding pro-
tein. The fusion protease was purified by amylose affinity
chromatography and digested with factor Xa. Only one-
third of the fusion protein was cleaved to produce the
27-kDa protease by the incubation with factor Xa for 5
hr at 257, indicating that the cleavage was not efficient
enough for the purification of the protease (data not
shown). pGPOPR was designed to express the 27-kDa
protease gene as a fusion protein with glutathione S-
transferase (GST) (Fig. 2). The GST fusion protein was
digested completely by thrombin, so the pGPOPR was
used for the expression of the protease. In this recombi-FIG. 1. The nucleotide sequence of cDNA encoding the NIa C-termi-
nant plasmid, the thrombin digestion of the GST fusionnal 27-kDa protease of TuMV-C5 and the deduced amino acid se-
quence. The boxed amino acids are the putative catalytic triad of the protein was expected to produce the protease with extra
active site of the protease. The amino acids different from those in four amino acids, Gly, Ser, Met, and Ala, at the N-termi-
the sequence reported previously (Nicolas and Laliberte´, 1992) are nus and no extra amino acids at the C-terminus.
underlined.
The TuMV-C5 NIa 27-kDa protease was produced at
a high level as the GST fusion protein in E. coli. Most of
the fusion proteins formed inclusion bodies at 377. Thepreparation of the mutant protease (ProD23aa) with the
deletion of 23 amino acids from the C-terminus of the
NIa protease, the recombinant plasmid containing the
mutant protease gene of Q221I in pGEX-KG was digested
with ClaI and HindIII, treated with the Klenow fragment
of E. coli DNA polymerase I to fill-in the cutends, and
then self-ligated. The mutant proteases were expressed
and purified in the same way as the wild-type protease.
RESULTS AND DISCUSSION
Nucleotide and amino acid sequences
The nucleotide sequence of the C-terminal protease
domain (27 kDa) of TuMV-C5 NIa was found to be very
similar (94% identity) to that of another TuMV strain re-
ported previously (Nicolas and Laliberte´, 1992). Only six
amino acids, Val56, Ile91, Val124, Ala187, Ser223, and Gly224,
are different in the deduced amino acid sequence from
the previously reported sequence (Ile56, Val91, Ile124,
FIG. 2. The recombinant plasmid for the expression of the NIa C-Thr187, Val223, and Ser224) (Fig. 1). When the amino acid
terminal 27-kDa protease gene of TuMV-C5. The underlined amino
sequences between two TuMV NIa proteases were com- acids, S, N, and S, are the first three amino acids of the protease. The
pared, the sites at 56, 91, 124, and 187 are occupied by protease with extra four amino acids at the N-terminus was obtained
after the digestion of the fusion protein with thrombin.hydrophobic residues and two other sites at 223 and
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FIG. 3. SDS–PAGE analysis of the TuMV-C5 wild-type NIa 27-kDa
protease during its purification (lane 1 to 5) and the purified mutant
proteases (lanes 6 and 7). The proteins from each purification step
were separated by 12% SDS–PAGE and stained with Coomassie bril-
liant blue G-250. Each lane represents the uninduced (lane 1) and the
induced (lane 2) cell lysates of E. coli XL1-blue containing pGPOPR,
the proteins bound to glutathione-resin (lane 3), the proteins released
from the resin after the thrombin-digestion of the proteins bound to
resin (lane 4), and the protease purified by Mono S chromatography
as a final step (lane 5). Lanes 6 and 7 represent the D81N and the
C151S mutant proteases, respectively, purified by Mono S chromatog-
raphy.
FIG. 5. HPLC analysis of the proteolytic activity of the NIa protease
on Glu-Pro-Thr-Val-Tyr-His-Gln-Thr-Leu-Asn-Glu. a, b, and c represent
chromatograms of the reaction mixtures containing the peptide sub-fusion proteins became soluble when the induction tem-
strate and the NIa protease after incubation for 0, 20, and 40 min,perature was lowered to 277. Two major proteins (53 and respectively. The peaks at the retention times of 8.5 and 12.5 min
51 kDa) bound specifically to the glutathione-resin (Fig. correspond to the product and the substrate, respectively. The amount
3, lane 3). The 53 kDa is the expected size of the GST of each peptide was monitored by measuring absorbances at 230 nm.
fusion 27-kDa protease. When the fusion proteins bound
to glutathione-resin were digested with thrombin, two
peptide cleavage sequence between 6K1 and CI in themajor proteins (27 and 25 kDa) were released from the
polyprotein of TuMV. The cleavage between Gln and Thrresin while GST bound to glutathione-resin (Fig. 3, lane
in the peptide substrate was expected to generate Glu-4). These two proteins were purified to homogeneity by
Pro-Thr-Val-Tyr-His-Gln and Thr-Leu-Asn-Glu, and theMono S chromatography (Fig. 3, lane 5 and Fig. 4). Ap-
peptides containing Tyr residue were detected by mea-proximately 2 mg of the protease was purified from 1
suring the absorbances at 230 nm on HPLC analysis. Asliter of bacterial culture.
shown in Fig. 5, the product peak at the retention time
of 8.5 min increased while the substrate peak at theProteolytic activity of the NIa 27-kDa protease
retention time of 12.5 min decreased along with the incu-
The specific proteolytic activity of the TuMV-C5 27- bation time. The substrate and the product peak fractions
kDa protease was analyzed by use of either a synthetic were collected and their molecular masses were ana-
undecapeptide or an in vitro translation product as a lyzed by mass spectrometry, which showed that the peak
substrate. The peptide substrate was Glu-Pro-Thr-Val- fractions contained the expected peptides (data not
Tyr-His-Gln-Thr-Leu-Asn-Glu, which contains the hepta- shown).
The in vitro translation product was also used as a
substrate for the identification of the specific proteolytic
activity (Fig. 6). The in vitro translation of pTNC produced
a 65-kDa protein containing the C-terminal half of the
NIb and the whole capsid protein. This 65-kDa protein
was cleaved to yield 32- and 33-kDa proteins by the GST
fusion proteases (Fig. 6A, lanes 2 and 4), the maltose
binding protein fusion protease (lane 3), and the purified
proteases (lane 5), respectively, as expected from the
cleavage between the NIb and the capsid protein. The
substrate was not cleaved by either cellular proteases
or thrombin (lanes 1 and 7).
We investigated the kinetic properties of the purified
NIa protease by determining the kinetic constants. TheFIG. 4. Chromatogram of Mono S chromatography. While peak 3,
Km and Vmax values were determined to be 1.15 { 0.16containing the 27- and 25-kDa proteins, exhibited specific proteolytic
activity, the fractions from peak 1 and peak 2 did not. mM and 0.74 { 0.091 mmol/mg/min, respectively, by the
/ m4171$7544 10-26-95 07:26:28 vira AP-Virology
522 KIM ET AL.
FIG. 6. The activity assay of the TuMV-C5 NIa 27-kDa protease by use of the in vitro translation product of pTNC labeled with [35S]methionine
as a substrate. After the substrate was reacted with various samples, the reaction mixtures were separated by 10% SDS–PAGE and the autoradiogram
of the gel was obtained. The substrate (65 kDa) and the products (33 and 32 kDa) are indicated by arrows. (A) Each lane represents the products
obtained after the incubation of the substrate with the induced cell lysates of E. coli XL1-blue containing pGEX-KG (lane 1), pGPOPR (lane 2), and
pMPOPR (lane 3), respectively, and the GST fusion proteases (lane 4), the proteases purified by Mono S chromatography (lane 5), the KSI fusion
protease purified by Mono S chromatography (lane 6), and 2 mg of thrombin (lane 7). (B) Proteolytic activities of the mutant proteases and the
truncated protease: Each lane represents the products obtained after the incubation of the substrate with the D81N mutant protease (lane 1), the
C151S mutant protease (lane 2), the 27-kDa protease after the incubation at 307 for 48 hr (lane 3), and the deletion mutant protease (ProD23aa)
(lane 4), respectively.
regression analysis of the data obtained from three inde- shown). It has been proposed that the degradation of the
pendent measurements (Fig. 7). These Km and Vmax val- NIa protease takes place by proteases or other modifying
ues are approximately 17-fold and 2-fold higher, respec- enzymes present in E. coli or rabbit reticulocyte lysates
tively, than those of the TEV NIa protease, which were (Dougherty and Parks, 1991). Another possibility is that
determined by using the peptide containing the cleavage the protease might be cleaved by itself to produce the
site between NIb and CP as a substrate (Parks et al., 25-kDa protein and the processing would be one of the
1995). The kcat and kcat/Km were calculated to be 0.33 { regulatory mechanisms of the NIa protease such as the
0.041 sec01 and 290 M01rsec01, respectively, using the regulation of life time of the protease.
molecular mass of 27 kDa for the protease. These data To investigate this possibility, Asp81 or Cys151 in the
imply that the cleavage between 6K1 and CI may be less putative catalytic triad was changed to Asn or Ser, re-
efficient than that between NIb and CP. spectively, by site-directed mutagenesis. The determina-
tions of the entire nucleotide sequences of the mutant
Self-cleavage at the C-terminus of the NIa 27-kDa genes confirmed the point mutations in the codons of
protease Asp81 to Asn (GAT to AAT) and of Cys151 to Ser (TGC to
TCC) without changes in other regions of the proteaseThe degradation of the NIa 27-kDa protease could not
gene. The point mutations drastically diminished the pro-be prevented by the addition of several protease inhibi-
teolytic activity of the 27-kDa protease (Fig. 6B, lanes 1tors such as PMSF, EDTA, aprotinin, benzamidine, peps-
and 2) and prevented the generation of the 25-kDa pro-tatin A, and TPCK during the purification, indicating that
the modification had already occurred in E. coli (data not tein (Fig. 3, lanes 6 and 7), demonstrating that the 25-
FIG. 7. (A) The Lineweaver-Burk plot analysis for determining the kinetic constants of the peptide substrate, Glu-Pro-Thr-Val-Tyr-His-Gln-Thr-Leu-
Asn-Glu, cleaved by NIa protease. Reaction conditions were described under Materials and Methods. The units of x-axis and y-axis are mM01 and
mmol01rmgrmin, respectively. Each point in the plot represents the mean value obtained from three independent measurements. (B) A Lineweaver-
Burk plot showing the fitness of the data in the range of the substrate concentrations from 0.144 to 1.75 mM.
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biotype B was fused to the C-terminus of the NIa prote-
ase with the elimination of the NIa C-terminal three
amino acids (Fig. 9A). The fusion protein showed the
specific proteolytic activity (Fig. 6A, lane 6). The fusion
protein of approximately 42 kDa in molecular weight was
purified in the same way as the wild-type protease and,
FIG. 8. SDS–PAGE analysis of the self-cleavage of the TuMV-C5 NIa as expected, during the purification it was cleaved by
27-kDa protease. The purified 27-kDa protease was incubated for 0, itself at the C-terminus to generate the 25-kDa protein
3, 6, 12, 24, and 48 hr, and the D81N and the C151S mutant proteases
and the 17-kDa protein which contains the KSI and thewere incubated for 24 hr at 307. The proteins after the incubation were
peptide fragment released from the C-terminus of theseparated by 12% SDS–PAGE and stained with Coomassie brilliant
protease.blue G-250.
When the purified KSI fusion protein was incubated
at 307, the 25-kDa protein and the 17-kDa protein were
kDa protein was generated by the proteolytic activity of generated from the 42-kDa fusion protein gradually along
the 27-kDa protease. N-terminal sequence analyses of with the incubation time (Fig. 9B). The 17-kDa protein
the purified 27- and 25-kDa proteins showed that they was subjected to the N-terminal sequence analysis. The
contained the same N-terminal sequence, suggesting sequence analysis confirmed that the cleavage occurs
that the 27-kDa protease is cleaved by itself at the C- between Ser223 and Gly224 near the C-terminus of the
terminus to generate the 25-kDa protein. Similar observa- protease resulting in a deletion of 20 amino acids. The
tions were reported recently, showing that the truncated internal cleavage was prevented by the mutation of Gly224
form of the TuMV NIa 49-kDa protease or the TEV NIa to Arg (data not shown). Unexpectedly, the two amino
27-kDa protease (47 or 25 kDa) was not generated when acids, Ser and Gly, are among the different amino acids
the NIa protease was inactivated by a point mutation from the sequence reported previously (Nicolas and Lali-
(Me´nard et al., 1995; Parks et al., 1995). When the 27- berte´, 1992) (Fig. 1). Also, the amino acid sequence near
kDa protease was incubated at 307 in the Mono S elution the identified cleavage site shows no homology to the
buffer, it was gradually cleaved to the 25-kDa protein sequences of the several cleavage sites for the NIa pro-
along with the incubation time, and after 48 hr of the tease found in TuMV polyprotein (Fig. 10). In TEV, the
incubation, most of the 27-kDa protease was degraded cleavage near the C-terminus of the 27-kDa protease
to the 25-kDa protein (Fig. 8). Contrary to the observation was found to occur between Met and Ser to generate
for the wild-type protease, the D81N mutant protease the truncated 25-kDa protease with a deletion of 24
was not degraded during the incubation as long as 24 amino acids (Parks et al., 1995). The sequence near the
hr. In the case of the C151S mutant protease, a small identified cleavage site of TEV NIa protease was also not
amount of the 25-kDa protein was detected after 24 hr homologous to the conserved cleavage site sequences
of incubation, indicating that the C151S mutation did not recognized by the TEV NIa protease, except that Ser at
abolish the catalytic activity completely. the P1* position is conserved. There was also no similar-
ity in the self-cleavage site sequences of the NIa prote-Identification of the self-cleavage site and the
ases between TEV and TuMV-C5. To investigate whether
secondary self-cleavage of the NIa 27-kDa protease
the cleavage occurs in cis or in trans, a protein (18 kDa)
For the identification of the self-cleavage site at the C- containing the C-terminal two-thirds of the NIa 27-kDa
protease was prepared by an in vitro translation in rabbitterminus of NIa protease, KSI from Pseudomonas putida
FIG. 9. (A) The strategy for identification of the self-cleavage site of the NIa 27-kDa protease. The dotted lines represent the boundary between
the KSI and the NIa protease, which was made uncleavable by the elimination of the NIa C-terminal three amino acids. (B) SDS–PAGE analysis
of the self-cleavage of the KSI fusion 27-kDa protease. The purified fusion protein was incubated at 307 for 0, 3, 6, 12, 24, and 48 hr. The lane of
pGPOPR as a control represents the 27- and the 25-kDa proteins purified from the induced cell lysate of E. coli XL1-blue containing pGPOPR by
glutathione affinity chromatography. The proteins after the incubation were separated by 15% SDS–PAGE and stained with Coomassie brilliant blue
G-250.
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reticulocyte lysate and incubated with 3 mg of the NIa
protease for 14 hr at 307. The protein was not cleaved
at all during the incubation, indicating that the cleavage
occurs in cis (data not shown).
Interestingly, the incubation of the 27-kDa protease or
the KSI fusion protease showed that there is another
self-cleavage site as well as the site mentioned above.
The 25-kDa protein was degraded to a 24-kDa protein
during the incubation at 307 (Figs. 8 and 9B). The 24-kDa
protein was generated more rapidly from the KSI fusion
protease than from the authentic 27-kDa protease. N-
terminal sequence analysis of the 24-kDa protein
FIG. 11. Time course of disappearance of the catalytic activity duringshowed that the 24-kDa protein contains the same N-
the incubation of the NIa 27-kDa protease. 1.5 mg of the protease wasterminal sequence with the 27-kDa protease, suggesting
removed from the incubated protease at the time intervals and usedthat the NIa protease is cleaved by itself at two different
for the activity assay. The y-axis represents the activity relative to that
sites of its C-terminus. The exact location of the second- of the protease before the incubation as a control in which the control
ary cleavage site remains to be identified. has a relative value of 1. Each point in the plot represents the mean
value obtained from three independent measurements.
Proteolytic activity of the 25-kDa protein
To investigate whether the 25-kDa protein retains the ples removed from the incubation at time intervals were
specific proteolytic activity, the 25-kDa protein was pre- measured using the undecapeptide as a substrate. The
pared by incubating the 27-kDa protease at 307 for 48 hr catalytic activity was diminished with the half-inactivation
and used for the measurement of the activity. It exhibited time of 130 hr (Fig. 11). Considering that the self-cleavage
the proteolytic activity, suggesting that the 25-kDa protein was almost completed in 48 hr, the cleavage between
is likely to contain the catalytic activity (Fig. 6B, lane 3). 6K1 and CI does not seem to be affected significantly by
However, this proteolytic activity could have originated the deletion of 20 amino acids from the C-terminus of
from a residual amount of the 27-kDa protease which the NIa protease. This is in contrast with the results
had not been cleaved yet during the incubation. In order obtained for the TEV NIa protease, which showed that
to identify the proteolytic activity of the 25-kDa protein the full-length protease was approximately 20-fold as effi-
more clearly, we prepared the deletion mutant protease cient in the cleavage between NIb and CP as the trun-
(ProD23aa), which does not contain the C-terminal 23 cated 25-kDa protease (Parks et al., 1995). These results
amino acids of the NIa protease. This mutant protease imply that the C-terminal deletion of the NIa protease
was also active, demonstrating that the 25-kDa protein may affect the cleavage efficiency for its respective cleav-
retains the proteolytic activity (Fig. 6B, lane 4). age sites in different degrees. It could be possible that
To examine the effect of the deletion of 20 amino acids the C-terminal region provides the substrate specificity
on the catalytic activity, the purified 27-kDa protease was and plays a role in the recognition of some cleavage
incubated at 307 and the catalytic activities of the sam- sites. Another possibility is that the deletion of the addi-
tional four amino acids in TEV NIa protease compared
with TuMV-C5 NIa protease might cause such a signifi-
cant loss of the catalytic activity.
Whether the self-cleavage of the 27-kDa protease re-
ally occurs in vivo and plays an important role in the viral
replication needs to be investigated. The structural and
kinetic properties of the 27-kDa protease and its de-
graded forms, the 25- and 24-kDa proteins, should be
further characterized to understand the detailed catalytic
mechanism of the NIa protease at the molecular level.
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